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One of the reasons for the plaque formation in Alzheimer’s Disease (AD) is the metal induced aggregation of
AB(1-42). Its C-terminal hydrophobic residues are generally found inside the membrane; but the exposed
regions (1-28) are predominantly ligand interacting and believed to be responsible for onset of aggregation
events. Recent evidences have indicated that the smaller fragments of A like (17-28), (1-16) and (1-10) are
also produced in presence of secretases and elastase. In this background, the current work focuses upon
assessing the binding patterns of the residues contained in the smaller fragments (such as 1-16) with metals
like zinc, copper, aluminium, and small molecules like betaine and curcumin, via Circular Dichroism (CD)
and computational docking methods. The CD data and in silico exercises offer valuable information about the
determinants that take part in ligand binding and thus contribute to the wealth of knowledge towards
appreciating the triggering events related to aggregation patterns of AD. These results not only provide
insights into the mechanism that underlie the formation of toxic fragments, but also suggest design of

molecules that could function as plausible breakers of the progression of Alzheimer’s disease (AD).

1. INTRODUCTION

Neuropathological features of Alzheimer’s disease (AD)
are characterized by selective neuronal loss, neuronal atrophy,
neurofibrillary tangles (NFTs) and neuritic plaques [1]. The
neuritic or senile plaques are distributed throughout the cerebral
cortex and has a core of amyloid surrounded by neuritis [2]. A
significant fraction of the cerebral cortex is made up of the B-
amyloid, a short 40-42 amino-acid fragment of the
transmembrane protein, which is cleaved from the p-amyloid
precursor protein (B-APP) [3] by the activity of secretases [4].
The AP comprises of a hydrophobic C-terminal domain, a
potential beta-strand forming set of residues, and N-terminal
region, all of which has the propensity to form different
secondary structures under native conditions [5]. A complete
conformational study of different fragments in varying conditions
suggests that the peptide conformation varies with respect to pH,
temperature and concentration [6].
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It has been reported that the N terminal region of the AB
peptide, spanning residues 1-16, lie between the alpha and beta
secretase cleavage sites, with the 17-42 not being released into the
cell as an amyloidogenic form [7]. This implies that the 1-16
region and specifically the N terminal region is indeed involved in
ligand binding and crucial for its neurotoxic properties.
Additionally, it has also been documented that the N terminal
AP(1-16) peptide fragment is further cleaved by elastase into the
smaller fragments [8].The literature highlights increased
concentrations of metal ions such as, copper, iron, aluminium and
zinc in the brains of Alzheimer’s disease patients (>0.1mM) [9-
12]. There have been substantial evidences that aluminium
induces dramatic conformational changes to the peptide [13]
which can be reversed by the use of chelators like betaine and
borosilicates [14, 15]. Thus, the study of metal binding sites
become useful for development of new inhibitors or metal
chelators [16], as it would give an insight into their exploitation as
potential drug targets. With this background, Circular Dichroism
and docking studies on the AB(1-16) peptide fragment have been
carried out, to decipher the determinants of binding of
metals/small molecules/metal chelators, to the peptide, to enable
the facilitation of development of effective drugs.

© 2017 Priya Narayan et al. This is an open access article distributed under the terms of the Creative Commons Attribution License -NonCommercial-ShareAlike

Unported License (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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2 18.474 35783089 1903025 96.135 88.035
3 18.999 943469 76323 2.535 3.531
Total 37221640 2161677 100.000 100.000

Fig. 1: HPLC profile of AB(1-16) peptide.

2. MATERIALS AND METHODS

2.1 CD studies

The custom made AB (1-16) fragment having a sequence,
D-A-E-F-R-H-D-S-G-Y-E-V-H-H-Q-K, was purchased from M/s
USV Peptides with >95% purity (HPLC grade — refer Fig
1).Various concentrations of metals were prepared in Milli-Q
water and used for the interaction studies with peptide. The
concentrations of aluminum were at 0.1mM, 0.01mM, 1uM and
0.1uM; the zinc concentrations were at 1mM, 0.1mM, 0.01mM
and 1pM; and the copper concentrations were at 10nM, 100nM,
200nM, 400nM and 500nM. The peptide concentration was kept at
0.1mM throughout the ligand interaction studies. The pH was
maintained at 6.2 throughout the titrations.

CD spectra were recorded using a JASCO J-715 spectro-
polarimeter. Cuvettes with path length of 0.1 cm were used for
spectral recording in the range 190 to 250nm with sampling points
atevery 1.0nm. The Base line subtraction was done with plain
water. The plots were recorded (for 4scans) and raw CD data was
converted to molar ellipticity. The data points were collected and
secondary structure content determined using the K2D3 software
[17]. Varying concentrations of the peptide, namely, 0.01mM,

0.05mM, 0.1mM, 0.5mM and 1mM respectively were prepared,
from an initial stock of 1ImM.

2.2 Docking studies

Molecular docking was carried out using Discovery
Studio 3.5 [18]. Cdocker, acharmm-based molecular dynamics
(md) simulated-annealing algorithm and a conventional molecular
mechanics force field were used for docking analysis [19, 20]. In
this docking study, the peptide is kept rigid while the ligands are
treated as fully flexible and a final minimization step is used to
refine the docked poses. Relevant ligands aluminium, zinc, copper,
curcumin, betaine and betaine like molecules namely carnitine,
betonicine, prolinebetaine, arsenobetaine, trigonelline,
dimethylpropiothetin (DMSP) were retrieved from the NCBI
(PubChem Compound database [21] and selected for docking
studies with the AB(1-16) peptide fragment. The sources and uses
of these molecules are elaborated in table 1 [22, 27-31]. As per
literature, all these ligands cross the Blood Brain Barrier (BBB)
[22, 23, 24]. The 3D coordinates of 1-16 segments were taken
from the NMR structure solved by Narayan et al [25]. The AP
peptides were docked to all the ligands by the rigid receptor-
flexible ligand docking method [26] and the interactions tabulated.
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Table 1: Structures and Properties of different ligands used in the study.
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LIGAND NAME 3D PUBCHEM MOLECULA MOLECULA SOURCE USES REF
STRUCTURE 1D RFORMULA R WTG/MOL
Betaine 247 CsHuNO, 117.14634 Spinach, Anti-inflammatory, [22, 27]
\.%A Beetroot Neuroprotection
Carnitine . C7/H1sNOs 161.1989 Meat, yeast Stimulate gastric and [22]
iﬁ,r:k 10917 pancreatic secretions and
[ in the treatment of
hyperlipoproteinemias.
Betonicine 164642 C;H13NOs 159.18302 Yarrow flower Lowers risk of Cardio [22]
"Q:( vascular diseases
Prolinebetaine ﬁ 115244 C;Hi3NO, 143.18362 Citrus fruits Osmoprotectant [22, 28]
Arsenobetaine - 47364 CsHy,AsO, 178.06124 Sea food (shell Not Known [22,29-30]
»;I/gr fish, cod),
A mushrooms
Trigonelline 5570 C;/H;NO, 137.13598 Trigonellafoenu  Diabetes,Neuroprotective [22, 31]
m-graecum L. ,  antimigraine,
;g'( (fenugreek sedative, memory-
: tea and coffee) improving,antibacterial,
antiviral, and anti-tumor
activities,
Dimethy 23736 CsH100,S 134.1967 Algae and higher Anti-ulcer [22,32]
Ipropiothetin ) X"&J\ plants
(DMSP) ‘ (phytoplanktons)
Table 2: Fraction of a helix and B sheet in the native AB (1-16) with varying ligand concentrations. The concentration of native is maintained at 0.1mM
Concentration of peptide
Native A 1mM 0.5mM 0.1mM 0.05mM 0.01mM
(1-16) o B o B ] B o B o B
0.2 34.39 3.7 29.22 5.33 12.01 5.42 11.33 5.45 8.95
Concentrations of metal
Aluminum 0.1uM 1uM 0.01mM 0.1mM
o B o o B o B -
8.41 28.99 2.63 40.53 2.22 42.53 1.82 47.7
Concentrations of metal
Zinc 1uyM 0.01mM 0.1mM 1mM
o B o B o B o B -
8.50 12.68 6.52 13.18 5.5 18.12 5.08 19.32
Concentrations of metal
Copper 10nM 100nM 200nM 400nM 500nM
o B a B o B o B o B
1.66 16.64 5.49 12.40 5.73 12.68 6.71 12.39 8.96 12.33
Concentrations of ligand
. 1uM 0.01mM 0.1mM
Curcumin
a B a B a B
5.46 12.86 5.48 791 5.48 7.78
concentrations of ligand
Betaine 1uM 0.01mM 0.1mM 1mM
o B o B o B o B
2.2 11.87 1.71 9.97 1.64 7.77 1.26 7.62
Concentration of Al and Peptide Concentration of Betaine
at 0.1mM
Aluminium 1uM 0.01mM 0.1mM
and Betaine o B o B o B o B
1.82 47.7 63.02 0.09 72.97 0.02 88.69 0.01

3. RESULTS AND DISCUSSION

3.1. Concentration Dependent Studies
The CD spectra of the native AP (1-16) peptide at various
concentrations, is as shown in Fig. 2, while the derived secondary

structure values are tabulated in Table 2. The graphs highlight that,
the peptide has a tendency for aggregation with increase in
concentration, which is noted by the increase in the beta sheet
content and decrease in alpha helical values. Thus it is evident that
the AP (1-16) has a propensity to form beta sheets at higher
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concentrations and assumes a more random coil structure as the
concentrations decrease, which is in accordance with earlier
studies [6].
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Fig. 2: CD Spectra of Native AB(1-16) at different concentrations a) 1mM; b)
0.5mM; c) 0.1mM; d) 0.05mM; e) 0.01mM. The units for Molar Ellipticity
are given in deg. cm? dmol™®

3.2 Interaction studies with ligands

An overlay of the CD spectra of AP(1-16) peptide
fragment with ligands like aluminum, copper, zinc, curcumin and
betaine, at respective concentrations is shown in Fig. 3, which
depict maximum variations with reference to native conformation.
The corresponding secondary structure values are given in Table 2.
Our results highlight that, the negative band was around 190nm to
198 nm (Fig. 3), indicating marked changes in the peptide
conformations. It is also noted that the maximum changes in the
negativity occurs at 198nm on addition of copper and aluminium
as depicted in spectra ¢ and f respectively. These results also
indicate that the ordering of peptide is maximum on addition of
copper and aluminium. The fraction of o helix and  sheet contents
indicated in Table 2, suggest aluminium induced aggregation,
similar to the observations made in various literatures [13, 15, 33].
Exley et al., (1993) have mentioned that at a higher concentration
of aluminium, there is a loss of alpha helical content in favor of
beta turns and random coil. This is in accordance with our results
as well, where notable increase in the beta sheet content is seen
from the table, probably reiterating the fact that aluminium is a
potential neurotoxic metal. It is also seen that the molar ellipticity
increases at 198nm on addition of zinc and curcumin (spectra b
and e). It is interesting to note that spectra d (betaine-peptide
complex) is closer to native, which indicates that betaine is
effective in maintaining the native like geometries. In order to
explore the conformational reversal by betaine, as reported in
earlier work [13], the metal-bound forms of AB(1-16) at 0.1mM

aluminium were again titrated with varying concentrations of
betaine. It was inferred from spectra (g) that on addition of betaine
to the peptide aluminium complex, the changes in the spectra and
thus the conformation of the peptide were significant. Further, it
was notable that a peak appeared around 220-225nm for the
peptide interactions with zinc, copper, curcumin and betaine,
which could be attributed to the backbone geometries.
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Fig. 3: Spectra of a) 0.ImM Native peptide; b) 0.lmM peptide with 1mM
Zn*: ¢) 0.1mM peptide and 10nM Cu?; d)0.ImM  peptide and
0.0lmMbetaine; €)0.1mM peptide and 0.lmMcurcumin; f)0.1mM peptide
with 0.1mM AI**; g) 0.1mM peptide with 0.1mMAI** and 0.1mMbetaine. The
units for Molar Ellipticity are given in deg. cm? dmol™

3.3 Docking studies with ligands

The docking of ligands to the AP(1-16) fragment is
indicated in Fig 4 and tabulated in Table 3, which shows the
potential binding determinants to various ligands. Aluminium
appear to bind to residues A2, F4, R5, G9, Y10 and Q15
respectively, while, the residues interacting with zinc were Y10,
E11, H13 and Q15. Similarly, the amino acids S8, E11, H13, H14
and Q15 network with copper. In case of curcumin, the interacting
determinants were found to be D1, Y10, E11, V12, H13, H14 and
Q15 with curcumin; while, only F4 and R5 seem to bind with
betaine. Interestingly, the residues E11 and Y10 seem to interact
with betaine when docked to the aluminium bound peptide. The
interaction of betaine with AB(1-16) indicates the involvement of
Y10 and E11 residues in the aluminium bound form, rather than
F4 and R5 (as in aluminium unbound form).

This suggests that the ligand betaine binds to the peptide
in the alternate sites and probably holds the conformation of the
tail of the peptide (1-16) in the healthy alpha-helical conformation;
than allowing the toxic beta-sheet like conformation, due to
binding of aluminium. The strengths of interactions are tabulated
in Table 3.
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1-16 with Curcumin

1-16 with Betaine

Betaine

Aluminum

1-16 with Betaine and Aluminum

Fig. 4: Docking interactions of Aluminum, Zinc, Copper, Betaine, and Curcumin Ligands with A (1-16) fragment.

Table 3: Residues of AB (1-16) fragments interacting with the ligands within 5.0 A indicating the relative Strength of interactions. The number of interacting

residues is given in parenthesis.

Residues Involved in ligand Aluminum Zine Copper Betaine Curcumin Betaine with
interactions (within 5A) PP Aluminium bound
D1 - - - -
A2 4.89
F4 3.536 - - 4,57 -
R5 3.83 - - 2.73 -
S8 - - 2.367 - -
G9
Y10 3.283 2.253 - - 2.61 4.63 (Betaine)
For1-16 2.87 (Betaine)
Ell - 4.650 4527 - 4.73 3.06 (Betaine)
2.50 (Betaine)
V12 - - - - 3.16
H13 - 2.334 2.309 - 3.13
H14 - - 4.031 - 2.68
Q15 3.53 2.198 2.252 - 4.07

Strength of

interaction Very Strong (5)

Strong (4)

Very Strong (5)

Moderate (2) Very Strong (6) Strong (4)

3.4 Docking studies with Betaine like molecules

Our Docking results highlight that the Betaine like
molecules interact strongly with the peptide. The interacting
residues are indicated in Table 4 and the docked poses are depicted
in Fig 5. It is interesting to observe that, in the absence of
aluminium, the site of docking coincides with that of the metal.
However, in the presence of aluminum (metal bound complex), the
interaction mode shifts indicating that, though the aluminium
interaction site did not change, the betaine like molecules appear
to interact strongly in an alternate site, as shown in Fig 6.0Our
results indicate that arsenobetaine shows stronger interaction with

the peptide-Aluminium complex, than the native peptide. It is also
observed that Q15 plays important roles in binding of betaine like
molecules under native conditions, whereas H13 seems to interact
strongly in the case of complexes involving peptide-aluminium-
betaine analogues (refer Tables 4, 5).Further, in the presence of
aluminium, the strength of interactions and the binding modes of
thesebetaine like systems varied. The interacting residues and their
strengths are highlighted in Table 5. Taken together we conclude
that these molecules could serve as potential metal chelators and
plausible therapeutic agents against aluminium induced toxicity in
AD.
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1-16 with Arsenobetaine

Fig. 5: Docking interactions of Betaine like molecules with AB(1-16) fragment.

1-16 with Trigonelline

1-16 with Dimethylpropiothetin (DMSP)

035

Table 4: Residues of AP(1-16) fragments interacting with betaine and its analogues within 5.0 A indicating the relative Strength of interactions.The number of
interacting residues is given in parenthesis.

Residues Involved in Betaine L-Carnitine Betonicine ProlineBetain Arsenobetaine Trigonelline Dimethyl
ligand interactions e propiothetin
(within 5A) (DMSP)
D1 - 3.834 - -
2.833
A2 2.75 3.759 3.383 3.001 3.615
E3 3.226
F4 457 3.902 - 3.254 - 2510
R5 2.73 3.80 - - 4.367 3.639
For 1-16 S8 - - - -
G9
Y10 4.336 -
Ell - -
V12 - - -
H13 - -
H14 - - -
Q15 3.842 3418 3.228 3.242 2.013
3571 4.009 3.897
Strength of Moderate Moderate Strong Strong Strong Strong Strong
interaction &) 3) 4 4 4) 4 (4)
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1-16 with carnitine
and Aluminium

1-16 with betonicine
and Aluminium

1-16 with Prolinebetaine
and Aluminium

1-16 with Arsenobetaine
and Aluminum

1-16 with Trigonelline
and Aluminum

1-16 with Dimethylpropiothetin (DMSP)
and Aluminum

Fig. 6: Docking interactions of Aluminium and Betaine like molecules with A (1-16) fragment.

Table 5: Residues of AP (1-16) fragments interacting with Betaine and its analogues complexed with aluminium within 5.0 A indicating the relative Strength of

interactions. The number of interacting residues is given in parenthesis.

Residues Involved in

Dimethylpropiot

. : . L-Carnitine with  Betonicinew  ProlineBetainew  Arsenobetainew  Trigonelline - Betaine
ligand interactions AP ithAI** ithAIF* ithAI* WAL hetin (DMSP) " with A
(within 5A) withAl
D1 - - - - - - -
A2 - - - - - - -
E3 - - - - - - -
F4 - - - - - - -
R5 - - - - - - -
214 3.7 3.7
D7 i 2.7 ) . .
S8 4.0 321 - - - 34 -
G9 - 2.71 - - - 4.96 -
For1-16 Y10 - - - - - - 4.63
2.87
E11 - - - - - - 3.06
2.50
V12 4,58 - - 4.3 - - -
H13 4.05 4.5 4.8 4.6 3.53 4.06 -
H14 - - - - - - -
3.228 3.242
Q15 - - - 4.009 3.807 - -
Strength of Moderate Strong Moderate Very Strong Moderate Moderate Strong
interaction (3) 4) (3) (5) (3) 3) (4)

4. CONCLUSIONS

While the native conformation of the peptide is
unstructured and near random coil, it is likely that it adopts an
ordered structure when complexed with metals. The changes were
expectedly predominant in the case of aluminium. Though the
secondary structure content did not change drastically, there is an

indication that the ligands bind to the peptide strongly at higher
concentrations, and undergo substantial conformational changes.
The most interesting change was exhibited in the copper titration
where the metal did not induce formation of secondary structure
elements and appeared to stall the aggregation process. The role of
copper as a possible neuroprotective metal could be better
exploited through further investigations. These results are in



Narayan et al / Journal of Applied Biology & Biotechnology 5 (03); 2017: 030-038 037

accordance with earlier literature suggesting the neuroprotective
nature of copper at sub micromolar levels [34]. Our results with
zinc also propose that at a lower concentration of metal, the
peptide has the propensity to form alpha helical structural
elements. It indicates that lower concentrations of zinc may be
neuroprotective, while is rendered gradually toxic at higher
concentrations, thus correlating with earlier literature [35].
However, it is noteworthy to cautiously suggest that these
estimates of the secondary structure content from the CD spectral
changes are only indicative of the possible secondary structural
changes, and cannot be taken on an absolute scale. Betaine and
curcumin also appear to bind to the peptide and decrease the beta
sheet content (up to 40%), which suggest their use as potential
therapeutic agents. Interestingly, betaine appears to act as a
possible metal chelator, and supposedly reducing the aluminium
induced toxicity of AD. This work provides due insights into the
probable use of betaine and betaine like molecules as potential
drug candidates for AD. Arsenobetaine shows stronger interaction
with the peptide in presence of aluminium, and this provides vital
clues towards designing effective drugs/inhibitors specifically for
aluminium induced neurotoxicity. Since betaine like molecules are
known to be present in our diet [22], we conclude that these could
offer potential natural remedies for AD. Similarly, curcumin like
molecules [36] could also be exploited towards designing lead
compounds to tackle the onset of AD.

Collectively, these results offer clues towards the binding
nature of metals and small molecules to the AB(1-16) peptide
fragment, and exhibits promising leads towards the development
of potential therapeutics for AD. It is evident from literature that
the current drugs like Donepezil, Mementine and cholinesterase
inhibitors target the acetylcholine esterase, which appears to slow
down the progression of the disease [37]. However, these are
accompanied by inherent side effects [38]. Interestingly there is
currently no molecule which prevents the
oligomerization/aggregation of the AP peptide and thus curtails
neuronal death. The molecules under consideration in our study
are targeted towards disrupting the AP aggregates, which could
possibly offer plausible cure for the disease. The in silico
exercises strengthen the need for elucidation of high resolution
NMR structures of these peptides with metal and small
molecules/ligands, to propose the design of efficacious inhibitors.
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